Simulations of the oxygen evolution reaction (OER) are essential for understanding the limitations of water splitting. Most research has focused so far on the OER at flat metal oxide surfaces. The structure sensitivity of the OER has, however, recently been highlighted as a promising research direction. To probe the structure sensitivity, we investigate the OER at eleven hematite (Fe2O3) surfaces with density functional theory + Hubbard U (DFT + U) calculations. The results show that the O-O coupling (O-O bond formation via two adjacent terminal Os at dual site) OER mechanism at the (110) surface is competing with the mechanism of OOH formation at single site. We study the effects of surface orientation (110 vs. 104), active surface sites (bridge vs. terminal site), presence of surface steps and oxygen vacancy concentration on the OER and explore strategies to reduce the OER overpotential. It is found that the oxygen vacancy concentration is the most effective parameter in reducing the overpotential. In particular, an overpotential of as low as 0.47 V is obtained for the (110) 
The design of photoelectrodes for water splitting in photoelectrochemical (PEC) conversion of solar into chemical energy is both fundamentally and practically important. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Hematite (α-Fe2O3) has emerged as a promising photoelectrode material and received much attention due to its suitable band gap of about 2.1 eV, an excellent chemical stability in a broad pH range, its natural abundance, nontoxicity and low cost. [11] [12] [13] However, one main drawback of hematite as an efficient photoelectrode material in PEC water splitting is its high oxygen evolution reaction (OER)
overpotential. To improve the solar-to-hydrogen conversion, a significant reduction of the overpotential is urgently needed as discussed in a recent review paper by Zhang and Bieberle-Hütter. 14 In order to reduce the overpotential, in-depth understanding of the key aspects of the OER is required. There are many mechanisms proposed for the OER as discussed in ref. 14 However, common agreement has not been achieved yet. The interpretation of experimental electrochemical measurements is difficult due to the solid-liquid interface and the non-direct measurement methods for surface species, reaction rates and products. Advances in modeling and simulation techniques allow for computational design at an atomistic level. [15] [16] [17] [18] [19] [20] [21] [22] [23] The simulation of photoexcitation as the driving force of the water splitting reaction has only been demonstrated for small model systems. 24, 25 In most of the literature, water decomposition at the semiconductor surface is viewed as an electro-catalytic process driven by the electrochemical potential. Most of the DFT calculations have been done using a solid-gas model. 19, [26] [27] [28] [29] [30] [31] DFT calculations with explicit water molecules have also been performed. [32] [33] [34] Such models are more realistic to simulate the electrode-electrolyte interface, however, they are less common and computationally more expensive. [32] [33] [34] The investigation of the OER under dark conditions with a solid-gas model is the first step and is therefore the main topic of this paper.
Theoretical calculations on this topic have so far merely been focused on the hematite (0001) surface. By using DFT + U calculations, Liao et al. 35 35 , with differences below 0.07 eV. According to the method described in ref. 21 the oxygen evolution reaction (OER) overpotential is determined by
where ∆G signifies the free energy with the free site as the reference. n is the number of reactions considered in the system and ∆Gn is the free energy step for a single reaction. (110) surface is a spontaneous process. Figure 4 shows the different geometries of a fully oxygen terminated hematite (110) of water oxidation on a hematite surface at high pH. 12 In general, we can imagine two reaction paths for the O-O coupling. The difference between the two is the sequence of the second water addition (see Figure   5 ). In mechanism 1 (M1), the second water addition occurs after the first deprotonation. In mechanism 2 (M2), in contrast, the second water addition is before the first deprotonation. (a) (b) Figure 7 . OH adsorption at step edge of (110) surface: a) adsorption at lower step edge; b) adsorption at upper step edge. Here, we study the effect of oxygen vacancies in the hematite (110) surface as this is believed to be the most active surface in PEC water splitting of hematite thin films. 47 We introduce three different vacancies/nm 2 . This is the lowest overpotential ever mentioned by theoretical studies for Fe2O3. Future work will be carried out to calculate the kinetics of water splitting reactions using a solid-liquid model.
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